Results for the three Stokes parameters (polarization components) P 1 , P 2 and P 3 of the VUV Hg transition 6s6p 1 P 1 → 6s 2 1 S 0 (185 nm) obtained from electron-photon (e, eγ ) coincidence measurements at electron impact energies of 15 eV, 50 eV and 100 eV (Aussendorf et al 2006 J. Phys. B: At. Mol. Opt. Phys. 39 2403) were combined to obtain the total degree of polarization
Introduction
The Stokes parameters P 1 , P 2 and P 3 of the VUV Hg transition 6s6p 1 P 1 → 6s 2 1 S 0 (185 nm) have recently been measured in electron-photon (e, eγ ) coincidence studies using spin-polarized incident electrons [1] . The above Stokes parameters describe the polarization of photons emitted perpendicular to the scattering plane. The role played by spin effects in the electron impact excitation process can be revealed in such experiments. If spin effects (and hyperfine coupling) are negligible, the total degree of light polarization is P tot ≡ √ P Former measurements at this transition were carried out by Masters et al [2] at an incident electron energy of 100 eV and by Murray et al [3] at 16 eV. In these experiments, laserinduced fluorescence from a stepwise electron-photon excitation process was detected. The above experimental results for unpolarized electrons showed a significant 'loss of coherence' of the excited state at scattering angles θ 30
• . Specifically, Masters et al [2] observed P tot 0.44 at 100 eV for the Hg isotope with nuclear spin I = 0, i.e., no depolarization due to hyperfine coupling, while Murray et al [3] found P tot 0.6 at 16 eV. This is in strong disagreement with theoretical predictions suggesting that spin effects are negligible at such high energies and small scattering angles. This results in P tot = 1 for the Hg (I = 0) isotope, independent of the models and approximations used.
It was the purpose of the present investigation to shed light on this long-standing discrepancy. Furthermore, the above results were complemented by measuring the Stokes parameter P 4 for photons emitted in the scattering plane, perpendicular to the incident beam direction.
Theoretical considerations

Scattering geometry and stokes parameters
The electron impact excitation and the optical decay are described in the natural coordinate frame [4, 5] . The scattering plane is spanned by the wavevector k 0 of the incident electron (which also defines the x axis) and the wavevector k 1 of the scattered electron. The z axis is chosen perpendicular to the scattering plane and serves as the quantization axis of the projections of electron spin (including the polarization vector P e of the incident electron beam) and the magnetic sublevels of the target. Photons emitted along the z(P 1 , P 2 , P 3 ) and −y(P 4 ) directions are detected in coincidence with the scattered electrons.
The total degree of light polarization is defined as
(1) Here the two linear polarizations P 1,2 and the circular polarization P 3 were defined in [1] for photons emitted perpendicular to the scattering plane. This parameter is an adequate means to determine whether or not the system after the collision is in a pure quantum state [4] [5] [6] . Furthermore, the Stokes parameter P 4 , defined as
is measured in the −y direction. Here I (β) denotes the light intensity transmitted by a linear polarizer aligned at an angle β with respect to the wavevector k 0 of the incident electrons.
Scattering state and light polarization
Due to the invariance of the interaction with respect to reflection in the scattering plane, the scattering process of a J = 0 → J = 1 parity changing transition can be described by six independent scattering amplitudes f (M, m, m 0 ) [5, 7] . Here m 0 = ±1/2 and m = ±1/2 denote the spin projections of the incident and the scattered electron, respectively, while M represents the magnetic substate |J, M of the excited mercury atom. Specifically, the non-vanishing amplitudes in the natural frame are
Here the fixed quantum numbers J 0 = M 0 = 0 and J = 1 have been omitted. Note that the substates with M = ±1 can only be excited by non-spin-flip processes (m = m 0 ) while the substate with M = 0 can only be excited by spin-flip processes (m = −m 0 ). If the incident electrons are in a pure spin state |m 0 , the asymptotic scattering state can be expressed as
where e ik 1 r /r is the radial part of the observed scattered wave. Equation (4) describes a pure state of the entangled collision system consisting of the excited atom and the scattered electron. Therefore, it can generally not be written as a single product of an atomic state and a state for the scattered electron. This is seen from the appearance of amplitudes for spin-up and spin-down continuum electrons after the collision. As a result, the emitted photons will not be in a single pure state and, when averaged over the final spin projections, P tot < 1 is generally to be expected. However, if spin-flip processes (m = −m 0 ) are negligible, then the scattered wave (4) can be written as a product of an excited atomic and a scattered electron state:
In this case the atoms will emit completely polarized light, i.e., P tot = 1, in all directions. This situation is sometimes referred to as 'coherent excitation'.
Geometry and light polarization
Due to the angular characteristics of electric dipole radiation, the M = 0 magnetic sublevel will not contribute to the radiation emitted along the quantization axis, i.e., perpendicular to the scattering plane. Therefore, it is impossible to optically detect any population of the M = 0 state if we observe photons emitted perpendicular to the scattering plane. Since such an observation can only detect non-spin-flip processes and the electrons are assumed to be initially in a pure state |m 0 , equation (5) applies again in that case. Hence, we should always measure P tot = 1 regardless of the population of the M = 0 state [5] . As explained above, completely polarized electron impact leads always to P tot = 1. However, the individual Stokes parameters in equation (1) for a given scattering angle can be different for the two spin projections of the incident electrons. Consequently, a mixture of incident spin-up and spin-down electrons can result in a total degree of polarization P tot < 1. If, for example, the Stokes parameters for primary spin-up and spin-down electrons are of the same magnitude but differ in sign, the total polarization for unpolarized incident electrons would yield P tot = 0.
Hyperfine depolarization
In the present experiment, a natural isotope mixture of mercury atoms with non-vanishing nuclear spin was used as target. Consequently, the measurement averages over a mixture of different nuclear spins. This requires a correction due to the depolarization caused by the hyperfine interaction (see [8] ). Instead of P tot = 1, the condition for 'coherent excitation' becomes 0.84 P tot 0.95.
Relativistic effects and exchange
The scattering process may be spin dependent due to spin-orbit coupling or exchange of the colliding electrons. The 6s6p 1 P 1 mercury state can be described by an intermediate coupling scheme
The mixing coefficients α = 0.987 and β = 0.171 were given by Lurio [9] , with 0 denoting the pure LS-coupled states. The excitation of the 6s6p 1 P 1 mercury state can thus be spin dependent not only by spin-orbit interaction in the continuum but also by exchange excitation via the triplet part of the wavefunction.
At small scattering angles, θ < 30
• , and an impact energy of 15 eV and higher, however, spin-flips due to either the spin-orbit interaction or electron exchange are expected to be very small. Hence, a nearly coherent population is predicted, i.e., 0.84 P tot 0.95 after accounting for hyperfine depolarization effects.
Meaning of the Stokes parameter P 4
Similar considerations as those outlined in subsection 2.2 lead to the conclusion that P 4 = 1 for excitation of the Hg (I = 0) isotope if spin effects (electron exchange and spin-orbit interaction for the continuum electron) are negligible. Equation (5) applies again in this case and P 4 is the only Stokes parameter that can be different from zero due to symmetry arguments [10] . However, the natural isotope mixture leads to a much larger range for P 4 , namely 0.00 P 4 0.85, even for 'coherent excitation'. Therefore, a 'loss of coherence' in the excitation process can only be shown by direct observation of a spin dependence in the measured Stokes parameter P 4 .
Results
Details of the experimental setup and of the theories were outlined in [1] and will not be repeated here. Briefly, the measured data are compared with predictions from a fullrelativistic distorted-wave calculation, (RDWBA), a five-state semirelativistic Breit-Pauli R-matrix (close-coupling) model (BPRM-5), and a convergent close-coupling (CCC) ansatz, where relativistic effects originating from target spin-orbit mixing are accounted for by transforming the nonrelativistic results to the intermediate coupling scheme. In the latter calculation channel coupling effects have been taken to convergence.
Total polarization P tot at 100 eV, 50 eV and 15 eV electron energy
Experimental results of the total degree of polarization P tot for unpolarized electrons are shown in figure 1 and compared with theoretical predictions and the previous measurements. For 100 eV incident energy, only RDWBA and CCC results are available, and both lead to similar results (see figure 1, top row) . No significant differences between the two sets of theoretical data are found at scattering angles 5
• θ 20
• . The present experimental values are significantly closer to the theoretical predictions than the results of Masters et al [2] , and they do not indicate the presence of significant spin effects. Except for the RDWBA results around θ = 70
• , the theoretical numbers lie entirely within the range 0.84 P tot 0.95, as required for negligible spin effects. We attribute the trend to slightly lower experimental values, which is also seen for the other energies, to some currently unknown systematic error, rather than to a physical effect. We emphasize that the efficiency and the analysing power of our optical analyser were calibrated carefully. A convolution of the theoretical results with our instrumental energy and angular resolution could not explain this deviation from the expectation either.
Similar conclusions can be drawn from the results for 50 eV (centre row of figure 1 ). For the measured range of scattering angles 5
• θ 30 • , the three theoretical approaches give similar results. Significant spin effects are not predicted for θ 80
• . The experimental and theoretical results at 15 eV are shown in the bottom row of panels in figure 1. At this energy the theoretical predictions differ significantly from each other at scattering angles θ 80
• . Within the experimental uncertainty, no deviation from 0.84 P tot 0.95 is observed in the angular range θ 90
• . In the RDWBA and the BreitPauli R-matrix calculations, however, deviations between the spin-up and spin-down results start to appear around 40
• . This is shown in figure 2 , which also includes the experimental results of the spin-resolved P tot . After accounting for the uncertainty of the experimental results, however, no significant spin effect is observed for θ 90
• . Unfortunately, no experimental data could be obtained for θ > 90
• . In summary, a significant 'loss of coherence' of the excited state for excitation with unpolarized electrons at scattering angles θ 20
• for 100 eV incident energy, at angles θ 30
• for 50 eV, and θ 60 • for 15 eV was not found in the present study. These findings are contrary to previous observations at 100 eV and 16 eV by Masters et al [2] and Murray et al [3] , respectively. Figure 3 shows the results for the parameter P 4 . The overall agreement in the shape of the curves with the theoretical predictions is good. The observed minimum around θ = 35
Stokes parameter P 4 at 15 eV electron energy
• is also predicted by the calculations. The RDWBA and the CCC calculations show somewhat larger values than measured, whereas the BPRM-5 calculation is closer to the experimental data. However, the latter shows a more pronounced minimum than experimentally observed and predicted by the RDWBA and the CCC calculations. The BPRM-5 and RDWBA results suggest some spin dependence of P 4 for larger scattering angles, θ 50
• and θ 80 • , respectively. This is not the case for the CCC calculation, which does not include the spinorbit interaction explicitly. However, the uncertainty of the experimental data is too large to draw conclusions about possible spin effects. Consequently, no individual experimental data for spin-up and spin-down electrons are shown.
Conclusions
The present experimental results lie somewhat lower than the limit 0.84 P tot for negligible spin effects. We believe that these deviations should be attributed to a currently unknown systematic error, rather than to a physical effect. Clearly, our results do not support a significant 'loss of coherence' for electron impact excitation of the Hg 6s6p 1 P 1 state at small scattering angles, which was reported in previous investigations at 100 eV [2] and 16 eV [3] . Within the experimental uncertainty, no significant influence of the electron spin was discovered for scattering angles θ 30 • and incident energies of 100 eV, 50 eV and 15 eV. This finding is in good agreement with theoretical predictions using a relativistic distorted-wave Born approximation (RDWBA), a five-state semi-relativistic Breit-Pauli R-matrix model (BPRM-5), and a convergent close-coupling (CCC) approach with recoupling of non-relativistic scattering amplitudes. At 15 eV incident energy and scattering angles θ 40
• , an increasing importance of spin effects is predicted by the RDWBA and BPRM-5 calculations, both of which include the spin-orbit interaction explicitly. However, the experimental accuracy was not sufficient to either confirm or reject these predictions.
Similar conclusions can be drawn from the results of the parameter P 4 . Here the agreement between experiment and theory is satisfactory in all cases.
